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The authors report a single-frequency unidirectional erbium fibre ring laser operating at 1 . 5 5~ which uses an intracavity phaseshifted fibre Bragg grating as an ultranarrow frequency bandpass filter. The linewidth of the laser was measured to be i2.OkHz. Fig. 1 shows a schematic diagram of the laser cavity investigated. Optical gain was provided by a diode-pumped erbium fibre amplifier which was 10m long. This had fibre-pigtailed Faraday isolators (FI) spliced to both ends to ensure unidirectional operation and prevent unwanted feedback from any stray reflections in the cavity. A standard fibre Bragg grating was included in the cavity to provide coarse wavelength selectivity. This grating had a peak reflectivity of >99% and a bandwidth of 0.6 nm centred at 1549.61~11, and was mcorporated into the cavity using a 50:50 fibre fusion coupler to convert its reflection characteristic into a transmssion charactenstic. Fine wavelength selectivity was achieved through the inclusion of a phase-shifted DFB-type fibre Bragg grating [7] fabricated using the scanning mirror technique This had a narrow passband of -0.075nm (measured using a narrow lmewidth tunable iaser source and a power meter) at 1550.5 nm centred within a stopband with a maximum attenuation of >19dB and an FWHM of 0.4nm. Laser output was extracted through a 10% output fibre coupler. The total cavity length was -18m, yielding a cavity mode spacing of 11 4MHz Over the past few years a number of different designs for singlefrequency erbium fibre lasers have been demonstrated. Fibre Bragg grating reflectors have been used extensively in linear Fabry-Phot cavities as they provide good wavelength selectivity and high reflectivity [l -31. To ensure single-frequency operation such lasers must necessarily be short or incorporate additional coupled cavities. Short erbium fibre lasers can suffer from problems such as low output powers and self-pulsation, while coupled cavity fibre lasers require a high degree of accuracy in their construction. An alternative approach which can alleviate these problems is to use a unidirectional ring configuration. In this case mode selection has generally been achieved through the inclusion of one or more narrowband fibre Fabry-Ptrot filters in the cavity [4, 51, usually accompanied by a broader-band fdter for coarse wavelength selection. Recently a CW unidirectional loop laser incorporating a fibre Bragg reflector as the wavelength-selective element has been reported [6] , although the linewidth was only measured to a resolution of 0.1 nm and single-frequency operation was not confirmed. In this Letter we report measurements on the output of a unidirectional erbium fibre ring laser with an intracavity phase-shifted DFB-type fibre Bragg grating used in transmission as a narrowband frequency filter. We compare the performance of this cavity configuration with that of a similar laser without the DFB grating. The standard Bragg grating was tension-tuned so that its peak reflectivity was at 1550.5nm, coinciding with the passband of the DFB grating. The laser spectrum as measured on a scanning grating optical spectrum analyser is shown in Fig. 2 . This measurement was limited by the O.lnm resolution of the instrument. The linewidth of the laser was then measured using a self-heterodyne optical linewidth analyser. Fig. 3 shows a photograph of the RF spectrum obtained. This has a half-width at half-maximum (corresponding to the optical linewidth of the laser) of 2 kHz, again limited by the instrument resolution. When the RF spectrum was viewed over a wide range no other peaks due to other longitudinal cavity modes were seen, to a resolution depth of 50dB. The laser output was also inspected using a scanning confocal Fabry-PCrot spectrum analyser with a free spectral range (FSR) of 2GHz and a resolution of 1OMHz. This confirmed that the laser was running on only one cavity mode. Fig. 4 shows the spectrum analyser trace scanned over nearly two FSRs and confirms single-frequency operation. Using the scanning Fabry-Phot interferometer it was possible to study the stability of the laser output. This was subject to mode-hops within a range of -80MHz on a time scale of a few seconds. The output power from the laser was -0.25mW, but this could be signficantly improved if an optimised output coupler were used.
Fig. 3 Se@-heterodyne laser linewidth measurement HWHM = 2kHz
It is thought that the tendency of the laser to suffer mode hops could be improved if the finesse of the cavity were increased. One way of achieving this is to enhance the feedback provided by the free end of the 50:50 coupler. A highly reflecting mirror was buttcoupled to the cleaved end of the fibre, but this provided too much feedback of radiation outside the stopband of the DFB grating and effectively prevented single-frequency oscillation. A better solution would be to splice a second, identical standard fibre grating to this arm to increase the degree of feedback and maintain wavelength selectivity. In this configuration the two reflective arms would create a coupled subcavity, which may also help to stabilise the laser output. Fig. 4 Output of scanning Fabry-Pirot spectrometer scanned over -2 free spectral ranges confirming single frequency operation
The DFB grating was then removed from the laser cavity and the behaviour of the ring laser containing only the standard fibre grating was assessed. It was found that the linewidth of the laser was measured to be essentially the same, but using the scanning Fabry-Phot interferometer it was apparent that a number of longitudinal cavity modes were oscillating at any given time, and these were unstable with very frequent random mode hops. A polarisation controller was included in the laser cavity, but this did not act to improve the stability of the laser.
In conclusion, we have demonstrated a single-frequency erbium fibre ring laser with a new cavity configuration incorporating a phase-shifted DFB-type fibre Bragg grating used in transmission as a narrowband frequency filter. The laser linewidth was measured to be as narrow as 2kHz. The output was liable to mode hops which we believe could be reduced through further cavity optimisation.
Temperature-insensitive vertical-cavity surface-emitting laser array with a broad gain bandwidth M. Kajita, K. Kurihara, H. Saito, T. Yoshikawa, Y. Sugimoto and K. Kasahara
Indexing terms: Vertical cavity surface emitting lasers, Semiconductor laser arrays
Temperature-insensitive vertical-cavity surface-emitting lasers (VCSELs) are promising devices for low-cost optical interconnection. The authors measured the injection current at a threshold and light output power of 1 mW at temperatures of 20, 50 and 80°C. At 80°C and lmW, the driving current for VCSELs with a broad gain bandwidth was reduced by -20%, compared with that for conventional VCSELs. The deviation in driving current for VCSELs with a broad gain bandwidth was -lo%, which demonstrates that these VCSELs have uniform temperature characteristics in an 8x8 array.
Introduction: Vertical-cavity surface-emitting lasers (VCSELs) are expected to be applied to interconnection in massive parallel computing and data links in network computing. VCSELs emitting at -900nm wavelength are not only characterised by good temperature characteristics and low threshold, but they can also be used with low-cost Si-detectors. These advantages should lead to lowcost optical interconnection.
In some low-cost applications, such VCSELs are required to be used without any temperature control circuits, in which case it is important that the VCSELs be temperature-insensitive [l -31. To obtain such VCSELs, some methods have been proposed, such as the offset-gain method [l, 4 -61 and carrier confinement using high barriers [7] .
Another approach in producing temperature-insensitive VCSELs is extending the gain bandwidth itself. A broad gain bandwidth enables the cavity mode to move within a gain region over a temperature range wider than that conventionally possible. To extend the gain bandwidth, the active layers consist of plural types of multiple quantum wells (MQWs) [3]. A similar idea was also presented by C. W. Corzine et al. in [8] .
